Laser wakefield accelerators produce accelerating gradients up to hundreds of GeV/m, and recently demonstrated 1-10 MeV energy spread at energies up to 1 GeV using electrons self-trapped from the plasma. Controlled injection and staging may further improve beam quality by circumventing tradeoffs between energy, stability, and energy spread/emittance. We present experiments demonstrating production of a stable electron beam near 1 MeV with hundred-keV level energy spread and central energy stability by using the plasma density profile to control selfinjection, and supporting simulations. Simulations indicate that such beams can be post accelerated to high energies, potentially reducing momentum spread in laser accelerators by 100-fold or more.
INTRODUCTION
Laser wakefield accelerators (LFWA) [1, 2] obtain high gradients using the electric field of a plasma wave (the wakefield) driven by an intense laser. In most present experiments [3, 4, 5, 6, 7] , electrons are trapped and accelerated by increasing plasma density to decrease the wake phase velocity (∼ the laser group velocity v g in uniform plasmas), or by increasing laser power, until the trapping threshold is reached. Because dephasing limits electron energy gain [2] , low densities ( < 10 18 cm −3 ) will be required to reach momenta beyond 1 GeV/c, requiring very high laser powers to reach the trapping threshold.
Injection control independent of the density of the accelerating channel is considered to improve stability while increasing final energy. Such techniques are also needed to reduce the 1-20 MeV/c momentum spread of present LWFA experiments (including initial colliding pulse [8, 9, 10] controlled injection experiments [11] ) and their 0.1-1 MeV/c transverse momentum. The plasma wake wavelength, λ p ∼ 10 − 100 µm [2] , then requires injection of a femtosecond electron bunch with femtosecond timing.
Theoretical studies indicate that plasma density gradients can control injection [12, 13, 14] : in a decreasing plasma density ramp (or downramp), λ p increases causing wake fronts to fall further behind the laser, reducing wake velocity and trapping threshold and offering control over trapping by tailoring the gradient. Here we report that use of a plasma density downramp to control trapping produced bunches at momenta near 1 MeV/c, with 170 keV/c FWHM momentum spread, 20 keV/c central momentum stability and transverse momentum, and 2 mrad (2 keV/c) RMS pointing stability over hundreds of shots [15] . The beams have order nC charge, and THz measurements and simulations indicate that they are ultrafast, suitable as an injector for LWFAs with the potential to reduce energy spread of the accelerated beams from the percent level of current experiments to order of 100 keV at GeV energies and beyond.
RESULTS
In the present experiments, the density profile of a thin slit gas jet oriented transversely to the laser pulse provided the density gradient. Focusing on the downstream edge produced a downramp in the laser propagation direction; focusing at the upstream edge produced an increasing or flat top density typical of previous experiments [3, 4, 6, 5] . A pulse from the multi-arm LOASIS [16] Ti:Sapphire chirped pulse amplification laser ionized the hydrogen gas and drove the plasma wake (Fig. 1) . Peak laser power was 10 TW, pulse length 47 fs FWHM, and the focused spot size of 7.5 µm FWHM yielded intensity of 1.6 × 10 19 W/cm 2 . Plasma density was measured on target shots by a frequency doubled transverse interferometer [17] . Peak plasma density was 2.2 ±0.3 × 10 19 cm −3 , and the profile in the laser propagation direction was approximately Gaussian above the measurement threshold ∼ 2×10
18 cm −3 , with a FWHM width of 750µm ±100µm. An integrating current transformer (ICT) monitored bunch charge, and a magnetic spectrometer with bend angle of 55 o was used to obtain the momentum spectrum. The spectrometer used a phosphor detector covering a range ±14% about a central momentum determined by magnet current, and had resolution of ±5%. Gamma ray detectors monitored Bremsstrahlung radiation from electrons stopping in the beam dump, and the ratio of gamma signal to charge was used in tuning the accelerator to identify high energy electron production [18] . A 10 µm silver coated nitrocellulose pelicle transmitted the electron bunch and di- verted the laser to a mode imager CCD [17] which imaged the transmitted laser spot profile at the plasma exit. Scanning gas jet position along the laser propagation axis ( Fig. 2A) controlled trapping. Focusing the laser on the upstream edge of the jet produced high momentum electrons via conventional self-modulated/self-trapped acceleration [18, 19] , evidenced by high gamma signals. The magnetic spectrum was typical of unguided self-modulated experiments [18, 3, 19] , with an exponentially decaying spectrum reaching tens of MeV. The mode imager showed strong self-modulation and filamentation of the laser mode into multiple spots, consistent with past experiments [19] . In contrast, focusing the laser near the downstream edge slightly increased bunch charge, but gamma signal dropped more than 70%, indicating lower momentum electrons. Charge measured by the ICT was more than 3 nC and charge stability improved, displaying fluctuations of only ±15% RMS. Mode imager data showed that transmitted mode structure was similar to the vacuum mode, with no filamentation. Data on a subsequent run demonstrated more than 70 % of the laser intensity was transmitted when using a prepulse to ionize the gas jet [17] .
The magnetic spectrum showed that focusing at the downstream edge produced stable electron bunches with an order of magnitude lower absolute momentum spread than previously observed in laser accelerators (Fig. 2B) . The central momentum is stable at 0.76 MeV/c ±20 keV/c RMS, and momentum spread is also stable at 170 keV/c FWHM ± 20 keV RMS over 28 sequential (45 total) diagnostic shots. Charge fluctuated 40% RMS, though charge stability at the 15-25% level was observed earlier in the day; this variation in bunch stability is likely due to diurnal variation in laser stability. In the undispersed plane of the magnetic spectrometer, vertical bunch divergence was measured to be 20 mrad FWHM (∼ 20 keV/c) with 1.8 mrad RMS deviation, and pointing displayed 1.5 mrad RMS stability. Removing the mode imager pellicle reduced the FWHM divergence in the undispersed direction by 10 − 20%, but did not affect momentum spread. Combining data from three runs spanning 7 days of clock time, central momentum was stable between 0.76 and 0.78 MeV/c, FWHM energy spread was between 160 and 190 Downramp trapping was modeled using 2-D particle in cell simulations (VORPAL code [20] ) with parameters similar to the experiments (related: [12, 13, 14] ). Use of a large physical domain of 200µm (240µm) with 6000 (900) cells in the longitudinal (transverse) direction and 5 particles per cell was required. The plasma shape was Gaussian, with peak density of 1.8 × 10
19 cm −3 , and a FWHM of 940 µm. The simulation started 750 µm into the ramp to reduce simulation size. The laser was focused 600 µm downstream of the center of the Gaussian, within the range that produced MeV bunches experimentally (Fig. 2) .
The simulations show trapping of an electron bunch near the end of the jet, where density is ∼ 0.5 − 1 × 10 18 cm −3
such that the plasma wavelength is resonant to the laser pulselength (Fig. 3) . The density downramp in this region decreased the wake velocity by changing λ p , putting the wake well above the trapping threshold without significant plasma modulation of the laser (which is an unstable process), and yielding stable trapping and acceleration to ∼ 1.5 MeV/c. Absolute momentum spread was less than 200 keV/c, as observed in experiments. The low trapping threshold also decreased transverse wake fields during trapping, producing a bunch with low transverse momen- tum of ∼50keV/c (divergence 20 mrad, similar to experiment) compared with 300-3000 keV/c for homogeneous plasmas, and hence low emittance. Also reasonably consistent with experimental measurements, bunch charge is of order 0.2 nC, and 80-90% of the laser energy is transmitted while the mode is undistorted. Bunch size at formation is approximately 10 µm long by 5µm diameter. Together with the experimental and simulated divergences, this indicates a normalized emittance of order 0.1 − 0.2π mm-mrad-MeV/c. As λ p lengthens in the downramp, the bunch can expand to ≥ 50µm in dimension while within the plasma's space charge neutralization, explaining the absence of space-charge induced blow-up [21] of the experimental bunches and consistent with the experimental bunch length as meausured by THz diagnostics [22, 23] . Remaining differences with experiments are likely the result of the 2D nature of the simulations and parameter uncertainties. Due to high transmission of the laser mode, if the downramp ends in a low density uniform plasma just after trapping, a wake can be excited by the transmitted laser to post accelerate the bunch to high energy. Because the bunch is ∼10 µm in size at this point, initial simulations show it is efficiently trapped and accelerated. Previous simulations predict that post acceleration of electron bunches in plasma channels can nearly preserve momentum spread and emittance [24] . Such staging may enable greatly reduced relative momentum spread and emittance, potentially with 100 keV/c class momentum spread and low transverse emittance at GeV and greater energies.
CONCLUSION
In conclusion, experiments demonstrated production of stable femtosecond electron bunches with 170 keV/c momentum spread, 10 to 100 fold lower momentum spread than previous laser accelerators. The bunches have central momentum of 0.76 MeV/c, 20 keV/c (3%) momentum stability, and 2 mrad pointing stability, and are order 30-100 fs in duration. Charge stability of 15% RMS was observed. Such electron bunches may directly benefit applications such as ultrafast electron diffraction for chemistry. Experiments and simulations indicate that bunch emittance is of order 0.1π mm-mrad-MeV/c and that the laser mode is well transmitted through the jet (∼70%), and simulations indicate plasma down ramps can be coupled directly to a subsequent plasma for post acceleration. Such controlled injection is projected to produce stable bunches at GeV energies and beyond with < 0.1% energy spread, and to increase bunch energy by eliminating the need to operate the accelerating channel at high density to obtain injection. Such stable reduced momentum spread and emittance bunches are important to eventual collider or 4th generation light source (FEL) applications of LWFAs.
We appreciate contributions from D. Bruhwiler, J. van Tilborg, V. Leurent, S.A. Gaillard, P. Bach, M. Dickinson, D. Syversrud, J. Wallig, and N. Ybarrolaza.
